Introduction
One necessary condition for reaching a better theoretical understanding of dust emission in a tester is a good understanding of the detached particle's motion within the system. This prompted us to undertake the present work where the motion of a single particle has been followed in a test tube agitated by a vortex shaker for several hundreds of seconds. Dust aerosols are small solid particles, conventionally taken as those particles below 75 µm in diameter,
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which settle out under their own weight but which may remain suspended for some time, according to the International Standardisation Organization (ISO 4225 -ISO, 1994) [1] . The tendency of materials to form aerosols upon handling is known as their dustiness [2, 3] . Dustiness studies are important for analysing the industrial risks posed by a bulk material in terms of worker exposure to particles by inhalation, contamination of products and equipments, loss of material and release to the environment [4] .
The dustiness of a material is not only related to its physical parameters but also depends on the nature and intensity of the stresses exerted on it alongside external conditions such as humidity and ventilation [2, 5] . The tendency of a material to generate dust under certain conditions can be evaluated using meso-scale lab testers [6, 7] .
For a specific amount of powder, they provide energy to the system for a given period of time. The amount of energy is ideally selected in such a way that it is enough to overcome the adhesive forces between the particles of the bulk solids, thereby emitting dust particles in the air beyond the threshold of measurability. The aerosol concentration and the particle size distribution are then measured as a function of time. Although the dustiness testers are generally designed in such a way that the input energy and dust generation mechanisms are close to industrial situations [8, 9] , there are only few studies which directly compare the experimental and industrial conditions [10] . This limits our ability to understand, simulate and predict dustiness under industrially relevant circumstances [11] . There exists a wide range of such testers which have been reviewed by several authors [12] [13] [14] , yet no universal dustiness testing method delivering consistent results under all circumstances could be developed [13] . The European standard 15051 on the Measurement of dustiness of bulk material [15] mentions the continuous drop tester and the rotating drum method but their applicability to the test of mico-and nano-scale powders has been limited as they require large amounts of powder (35cm 3 or 500g), thus increasing the experimental cost and also the risk of exposure to aerosol particles of the persons conducting the test [16] .
The vortex shaker (VS) [17, 18] (or vortex mixer) enables the measure of dustiness with only a fraction (2 g) of the powder which would have been required by other standardised testers. The system is relatively cheap and easy to operate. It seems to be a promising approach to measuring the dustiness of fine cohesive powders [8] . Aerosols are generated through the agitation of a powder-filled symmetrical cylindrical test tube mounted on a digital vortex shaker capable of achieving rotation speeds along the vertical axis. There have been several studies looking into the effect of the VS speed and sample mass on the aerosol concentration (expressed with respect to their masses and numbers) [3, 6, 17] . However, to the best of our knowledge there has not been any study investigating the effect of
the rotational agitation on the powder particle motion.
While there are optical methods, such as the laser Doppler anemometer (LDA) [19] and the particle image velocimetry (PIV) [20] , for studying the average velocity fields in a range of flow systems [21] [22] [23] , they are not well suited for opaque systems [24, 25] and consider generally rather low concentrations of particles in the fluid phase [26, 27] .
Our own approach consists of the Langrangian tracking of an individual particle [28, 29] placed in the powder bed of the test tube which is then agitated by the vortex shaker. The cyclical trajectory of the particle measured at a high frequency over a large duration provides us with statistical information about the behaviour of a powder primary particle detached from the bulk.
We use the Positron Emission Particle Tracking (PEPT) method for tracking a single radioactive tracer particle.
It is a non-invasive study of the motion of a particle representative of the other detached powder particles subjected to the same stress conditions. A PEPT analysis of a particle's trajectory over a wide interval (largely superior to one period) can provide us with valuable statistical information such as population densities, velocities or kinetic energies.
These, in turn, would provide us with the first experimental data that can subsequently be used for the validation of CFD (Computationally Fluid Dynamics) and DE (Discrete Elements) models. Such studies would prove very valuable for assessing the frequency and effects of particle-particle and particle-wall interactions.
The goal of our work are to establish a well-founded methodology for studying the traced particle's behaviour within the agitated test tube and then to apply it to the standard case of the vortex shaker induced agitation (1,500 rpm) with a vertical gaseous flow of 0.7 L.min −1 going through the agitated test tube filled with 2 g of powder.
In Section 2, we go into the technique of PEPT, and its application to the vortex shaker experimental setup. In Section 3, we present and validate the statistical strategy we use to determine the particle's position, velocity and kinetic energy. In Section 4, we apply our methodology to the particle's movement in our reference case ( ω = 1500 rpm, open test tube, 2 g of powder). Finally, in Section 5, conclusions are drawn and an outlook for future studies is given.
Experimental foundations

Vortex shaker dustiness tester
The use of a vortex shaker as a method for generating dust particles from powders is a relatively new and promising technique which has the advantage of being able to use very small quantities of powder [8, 17] . This makes the vortex A C C E P T E D M A N U S C R I P T
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shaker method a practical and inexpensive dustiness tester when compared to the standardised dustiness testers including the rotating drum and the drop-test. A vortex shaker can be seen in Figure 1 . The vortex shaker method used for this study consists of a digital vortex shaker (VWR Signature Digital Vortex Mixer, USA). Such shakers or mixers are commonly used in laboratories to mix small quantities of liquids. It consists of an electric motor with a drive shaft oriented vertically, which is connected to a rubber cup mounted slightly off-center. Dust is generated from a small amount (around 2 g) of bulk solid sample contained in a glass centrifuge tube (diameter 0.025 m, height 0.150 m) firmly mounted on the rubber cup. As the motor runs, the rubber cup oscillates rapidly in a circular motion and the motion is transmitted to the solid sample inside the cylindrical tube. The shaker is capable of generating a uniform vortex action with rotational velocities ranging between 500 rpm and 2,500 rpm along the vertical axis.
Due to the centrifugal forces generated in the vortex shaker setup, the particles in the bulk sample can be assumed to undergo the outward centrifugal force acting as a separation force, the vertical gravitational force and attractive surface forces between the particles acting as binding forces. This phenomenon can be qualitatively seen after each vortex shaker experiment where the bulk sample generates a hollow center whereas the particles accumulate towards the wall and can also adhere to the wall surface (as shown in the appendix, see Fig. A.1 ).
PEPT and the tracer particle
Positron emission particle tracking (PEPT) is an experimental technique allowing one to follow the movements of a radioactive tracer particle [30] . This method has been adapted from Positron Emission Tomography (PET) and it is used in particle technology for studying the dynamic behaviour of dry particulate systems such as gas-fluidised beds, tumbling mills, pneumatic conveying etc. used in various industrial processes [31] [32] [33] [34] . PEPT allows for non-invasive particle imaging and tracking deep within the particulate system for an extended period of time, thus enabling the analysis of the in-situ kinematics and dynamics of the particle flow [35, 36] . We briefly describe the use of a tracer particle in the PEPT technique. For more detailed descriptions of the technique, we refer the interested reader to the following works [34, [37] [38] [39] . A scanning device detects the positrons (sub-atomic particles) emitted by a single tracer particle coated (labelled) with the radionuclide. The tracer particle labelled with a positron emitter 18 F [40] with a half-life of 109 minutes decays via β + decay, resulting in two gamma rays, each of which travelling in exactly opposite directions with an energy of 511 keV . The simultaneous detection of the two gamma rays in an array of detectors (using a positron camera) defines a line along which the annihilation of positrons with electrons occurs. The detection of many such events in a short time interval of approximately 10 ms allows the position of the tracer particle to be
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triangulated in three dimensions. This, in turn, makes the analysis of the trajectory of the tracer particle possible.
The spatial location of the tracer particle may be achieved at a frequency reaching values as high as 250 Hz with an accuracy which depends on the speed and activity of the tracer particle. Using an ADAC Forte positron camera [41] installed at the Positron Imaging Centre at the University of Birmingham, a tracer particle moving at 1 m/s can be located within 0.5 mm of its actual position, 250 times per second. To capture the dynamic behavior of the system, the tracer particle used for a PEPT study should ideally be identical or very similar with respect to its physical characteristics to the bulk material used in the system [42, 43] .
Also, the radioactivity of the tracer should be high enough (preferably 300 1000 µCi) for uninterrupted tracking of the particle [44] . Thus, PEPT allows for the analysis of the motion of the particle in a complex physical system such as the vortex shaker, where it is influenced by a combination of forces including the centrifugal forces, vibration and particle-particle and particle-wall interactions. In addition to that, it can be used to determine the density of particles at each point of the setup, under the assumption that the behaviour of the traced particle over a large time period is a good approximation of the average behaviour of the ensemble of detached particles.
Test protocol
The experiments were performed at the Positron Imaging Centre, Nuclear Physics research group, University of Birmingham. A detailed description of the PEPT is mentioned in [34, 37, 45] and here we mention only the procedures related to the vortex shaker dustiness tester.
We took µm (see [46] ). The diameter of the tracer particle has been chosen in such a way to be between 80 m and 150 m. The density is 2710 kg.m −3 .
We first labelled such a CaCO 3 particle using 18 F radionuclide (whose half-life is 109 min). However, due to the poor activation and insufficient radioactivity of the Eskal limestone particles, the calcium carbonate tracer particle was replaced by a gamma-alumina particle which showed sufficient radioactivity for more than few hours after the activation. The 18 F radionuclide in the tracer particle exists as structural elements about 0.3 mm under the tracer surface and is most likely unaffected by the existing ions or worn out during the test [44] . The used gamma-alumina particles from Alfa Aesar, USA had diameters between 80µm and 150µm with a purity of 99.9% and a particle density
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of 2950 kg.m −3 similar to the features of the Eskal 150 powder used as the bulk powder during the vortex shaker experiment.
For the experiments, the powder-filled centrifuge tube was sealed using a rubber stopper (0.02 m in depth) with an opening for the inlet and outlet using two stainless steel pipes (inner diameter, 0.003 m) placed beyond 30 mm inside the tube opening piercing through the rubber stopper. The air was sucked in by a low-pressure pump (0.7 ± 0.01 L.min −1 or 1e-05 ± 1.6e-07 m 3 .s −1 , Gilian LFS-113DC). The tracer particle was prepared using an indirect (water based) radioactive labelling technique in contrast to the direct bombardment of the particle itself. A heat lamp assisted then the evaporation of the radioactive water. The particle tracer was then manually transferred from its holder to a powder-filled centrifuge tube, which was mounted on the vortex shaker system placed between the positron camera (detectors). The transfer of the tracer particle into the tube and its presence in the test tube through the test duration was ensured using a Geiger counter. The vortex shaker was rotated at 1,500 rpm and run for 12 minutes.
The trial was repeated once. The powder bed covered a height of 6 mm lying on the round bottom of the test tube.
It was not possible to determine the initial position of the traced particle.
Presentation of the statistical methodology
This section aims at defining and illustrating a sound methodology suitable for studying the movement of the particle inside the agitated test tube.
Raw data and measurement uncertainties
The raw data come in the form of relative coordinates of the traced particle measured in very short time intervals (of roughly 10 ms). The position of the test tube with respect to the detectors may change from trial to trial because of its being mounted and unmounted. As a consequence, only the relative movements of the particle can be seen.
Therefore, we defined the coordinate system as follows. We defined the height in such a way that y = 0 corresponds to the lowest position of the particle which has ever been measured during the trial under consideration. We defined the horizontal coordinates x and z in such a way that x = 0 and z = 0 become the median position which are stabler statistical indicators than the means [47] . Given the symetrical nature of the system, this proved a good strategy. We show the three axes within the test tube in Figure 2 . The PEPT data are given in a cartesian frame and can thus be more readily interpreted in that way. Researchers interested in cylindrical coordinates could easily transform our results into that system of representation.
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In order to compute velocities and other quantities based on the raw data, it is necessary to make a distinction between random experimental uncertainties and fluctuations of the position stemming from turbulence or other physical phenomena. For that sake, a trial where the particle position was tracked in a non-agitated and closed test tube (i.e. ω = 0 rpm) has been considered. If the diffusion of particles whose aerodynamic diameters are higher than 50 µm can be neglected, random errors should be the only cause of any observed change. In Figure 3 , the "position" ( x, y, z)
is represented as a function of time. It can be clearly seen that the measurement uncertainties cause rapid chaotic oscillations of the values which cannot be attributed to the physical state of the system. As a consequence, it is not possible to define velocities locally as this could artificially attribute a highly fluctuating speed to an immobile particle. In Figure 4 , the averaged coordinates of the particle are given for different numbers of time points utilised to compute the local means (e.g. around t = 300.0 s). Even if relatively large numbers of time points are considered to calculate the mean values, the quantities are not constant, which means that the experimental noise is not erased.
What is more, we noticed that averaging over more than 30 points may hide many of the physical trends observed during non-stationary trials. Consequently, another approach was adopted.
Definition of the strategy
These considerations led us to devise the following strategy for studying the particle's behaviour in the test tube.
• Only the steady state of the experiment is considered. It is the time period after the transition following the starting of the vortex shaker and before the device is switched off. It was determined in each case by analysing the raw data (x,y,z) as a function of time.
• The frequency of the particle being at the position x, y or z is estimated as the number of times its position
, respectively. Since the measurement errors follow more or less a random distribution (see appendix, Fig. A. 3), they can be expected to cancel out while considering the large samples we have at our disposal.
• Every time the particle displays a change in position equal to or greater than a critical distance (i.
velocity is defined as the ratio of d and the time ∆t corresponding to the displacement. The value of the critical distance d crit must be chosen in such a way that ideally as few spurious coordinate fluctuations as possible are considered while the real physical movements of the particle are captured. Such a trade-off requires a process of trials and errors. The trajectory is filtered in such a way that the displacement from a point P 1 to a point P 2 is
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• Frequency distributions of the values of the above velocities and kinetic energies are computed.
• The locally averaged velocitiesV ,V x (horizontal motion) andV y (vertical motion) have been expressed as a function of x and y.
Analysis of the strategy
We then analysed the consistency of our filtering approach, partially relying on the data considered in Section 4.
The first step was to check that the filtered velocity defined above corresponds to genuine trajectories. Ideally, the measurement errors should be filtered out without overlooking important features of the traced particle trajectory. In It is worth noting that authors such as [34] used averaging over a relatively long period of time (e.g 10 s) to carry out their analyses. Such an approach would not work in our case as the particle can considerably change its direction (up to ten times) within only 2 s. Averaging would thus lead us to unphysical velocities which do not correspond to the real movements of the particle. [33] utilised an alternative approach consisting of smoothing the velocity using a given number of neighbouring points. In the case of 10 neighbouring points, the velocity with respect to the coordinate i is defined as follows:
The points directly surrounding k receive a weight of 0.5 whereas the most distant ones receive the smallest coefficients.
In Figure 6 , the filtered and smoothed trajectory during one trial at ω = 1500 rpm in a test tube with inlet and outlet flow have been represented for a duration of 2 s. One can recognise that the main trends of the trajectory are well represented by the filtered vector field. Thus, our filtering appears to be a good compromise for removing most
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random experimental errors without losing track of the genuine movements of the particle. The optimal value used for obtaining these curves proved to be d crit = 5 mm. The interpolated velocity has been systematically multiplied by the difference in time ∆t between two points of the filtered trajectory. In this way, the magnitude of the motion can be compared as well. It can be seen that both the directions and values of the smoothed velocity can differ significantly from those of the filtered one. No improvement could be achieved for other numbers of neighbouring points.
We also applied filtering and smoothing to a perfectly circular movement of radius 12.5 cm taking place for 1 s, which is the duration of a real circular movement happening between t = 100.30 s and t = 101.30 encompassing 76 points. The results are shown in Figure 7 . Whilst the filtered velocities correspond to real distances covered by the particle, there is a priori no guarantee that the smoothed velocities are a good approximation to the particle's real behaviour, regardless of the number of neighbouring points. The same can be said about the averaging over 20 points, despite the fact that such a number is not large enough to even out the experimental noise, as can be seen in Figure 4 .
All these difficulties led us to consider filtering as a straightforward and easily implementable approach for estimating the velocity distribution of the traced particle.
As can be seen in Section 4 and in the appendix (see Figures A.4 -A.8 ), the population densities (frequencies of presence) computed using all unfiltered points during the steady state and the frequencies of the velocity and the kinetic energy values based on the filtered trajectory are coherent and similar for two repeteaded trials.
Analysis of the particle's behaviour under standard conditions
The population densities and frequency distributions of the velocity and kinetic energy were considered to assess the movement of the particle under standard conditions (open test tube, ω = 1500 rpm and 2 g of powder). For that sake, the two repeated trials were taken into consideration. We refer the reader to the appendix for seeing graphics systematically comparing the two repeated trials for every variable (see Figures A.4 -A.8) . In what follows, we only show the first trial in the graphics. Q 1 and Q 2 are the first and second quartile, respectively. Along with the median, they are robust statistical indicators of trends in a series of data [47] . The frequency distribution of the coordinates and velocity components are shown in Figure 8 whereas the corresponding statistical indicators are given in Table 1 and 2. of the total height of the test tube (150 mm) and 4.05 times the height of the powder bed (6 mm). This means that the particle considered here (whose diameters are between 80 µm and 150 µm) are apparently too large and heavy for reaching the height where they could exit the test tube over the duration of the experiment. The frequency distribution of the vertical velocity V y is non-symetrical and biased towards negative values. This can be plausibly attributed to the effect of gravity and the smaller numbers of collisions with other aerosols as shall be seen later.
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In Figure 9 and in Table 3 , the features of the velocity and the kinetic energy are shown. The kinetic energy distribution follows a decreasing exponential shape. The frequency distribution of the velocity V is assymetrical and is characterised by a smooth increase followed by a steep decrease in both cases. To explore the cause of this, we represented the average values of the velocity (and velocity components) as a function of the horizontal coordinate x and the vertical coordinate y in Figure 10 . We show the results of the repeated trials in the appendix (see Figures A.7 -A.8) . The largest values of the velocityV are found at the highest heights where the highest descending values ofV y are also seen. This indicates that these highest velocities might stem from the effects of gravity on the particle. As function of the horizontal coordinate x, the highest velocity values are found near the wall of the test tube. It is worth noting thatV y (x) points upwards at the middle of the test tube but downards when
x approaches the extremity of the test tube. In Figure 11 , all points where the particle goes upwards and downwards are represented with respect to the horizontal coordinates x and z. It can be seen that the particle rarely moves downward around the middle of the test tube. On the other hand, the particle also seldom moves upward near the
wall of the test tube. The region where the upward and downward motions overlap is narrow. It is noteworthy that the highest values of the average velocityV are found in regions where the presence frequency of the particle is the lowest (highest heights and areas close to the inner wall). Besides the gravity, the higher values of the velocity might stem from a decrease in the number of shocks due to lower population densities.
In Figure 12 , the local circulation (from t = 200 s to t = 207 s ) and the average circulation (over the whole steady state, i.e. between t = 20 s and t = 700 s ) have been represented. On average, the particle tends to move upward with a low velocity around the middle of the test tube whereas it falls back at a much higher speed beside the inner wall of the test tube. The time-averaged velocities are considerably smaller in the horizontal middle of the test tube.
The local values are much less regular.
Conclusions and outlook
In this work, we wanted to develop a methodology allowing us to study the behaviour of detached aerosol particles in a test tube agitated by a vortex shaker and apply it to our standard conditions, as such data are necessary for understanding dust emission and developping predictive models.
In Section 2, we describe PEPT and the vortex shaker. In Section 3, we describe and validate the statistical methods we used. Giving the short-range motion of the particle and the small dimension of the test tube, averaging and smoothing did not prove to be good strategies for computing a physically realistic velocity. Instead, a filtering approach was adopted, in that only a motion covering at least a critical distance d crit is considered.
Based on this, we assessed the particle's behaviour under standard conditions, that is at a rotation speed of 1500 rpm while an air flow goes through the open test tube filled with 2 g of powder. We considered CaCO 3 powder whose aerodynamic diameters are between 80µ m and 150µ m. Since we could not radio-activate its particles, we used a tracer particle of alumina with similar physical characteristics instead. The local instantaneous trajectory of the particle has a chaotic aspect which makes it hard to identify any trends apart from the circular nature of the motion.
A statistical treatment of the measured positions and filtered velocities allows one, however, to identify important features of the macroscopic behaviour of the particle. The frequency distributions of the horizontal coordinates x and z and of the corresponding velocity components V x and V z follow approximately a Gaussian shape. The frequency distribution of the height y is characterised by a strong increase, an even stronger decrease and a plateau between y = 5 mm and y = 20 mm. The heights reached by the particle are much inferior to the height of the test tube (150 mm).
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The highest values of the velocity are found at the highest heights and close to the inner wall of the test tube, where the population densities are thinner.
The data we obtained in the present study are the first step for establishing numerical models building a bridge between theory and experiments, which is in itself one of the main goals of powder technology [48] . A combination of CFD (Eulerian -Lagrangian) and DEM (Direct Element Modelling) seems to be a promising way to develop predictive models [49] . Wangchai et al. [50] investigated the particle flow mechanisms of powders within a rotating drum dustiness tester through a combination of experimental work and DEM. They found out that while useful, DEM cannot capture all the flow patterns in a dustiness tester which are crucial for understanding the bevahiour of the produced aerosols. CFD appears to be a good complementary approach to reaching a truly holistic view of the phenomena underlying dust generation. We intend to use the data of this study as a basis for simulating the motion of the particles within the agitated test tube. This, in turn, shall allow us to model the whole aerosolisation process, including the movement of the particles in the bulk, the interaction between particles and the formation of the first aerosols.
Our study opens up another research endeavour that is worth mentioning. Kahrizsangi et al. [51, 52] conducted a parametric study of dustiness within a fludised bed vibrating with different frequencies and accelerations. While they could well account for the effects stemming from changes in the acceleration, they were not able to provide an intuitive physical explanation of the bearing of the frequency on dustiness. We intend to perform a similar parametric study of our system relying on PEPT which will concern the most important variables, i.e. the mass, the rotation speed and the size of the tracer particle.
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